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E949 Collaboration

117 collaborators, 17 institutes from Canada, China, Japan, Russia and the US.
A.J.S. Smith, A.J. Stevens, A.N. Khotjantsev, A.O. Bazarko, A.P. Ivashkin, A.P. Kozhevnikov, A.S. Turcot, A.V. Ar-

tamonov, A. Daviel, A. Konaka, A. Kushnirenko, A. Otomo, A. Sambamurti, B. Bassalleck, B. Bhuyan, B. Lewis,

B. Viren, C. Ng, C. Ng, C. Witzig, D.A. Bryman, D.E. Jaffe, D.I. Patalakha, D.R. Marlow, D.V. Vavilov, D. Akerib,

E.J. Ramberg, E.W. Blackmore, E. Garber, F.C. Shoemaker, G. Azuelos, GG. Redlinger, I-H. Chiang, I.-A. Christidi,

J.-M. Poutissou, J.A. Macdonald, J. Doornbus, J.R. Stone, J.S. Frank, J.S. Haggerty, J.V. Cresswell, J. Hu, J. Ives,
J. Mildenberger, J. Roy, K.K. Li, K. Mizouchi, K. Omata, K. Shimada, L. Felawka, L.G. Landsberg, L.S. Litten-
berg, M. Aoki, M. Miyajima, M.A. Selen, M.LeNoble, M.M. Khabibullin, M.V. Diwan, M. Ardebili, M. Burke,
M. Convery, M. Ito, M. Kobayashi, M. Kuriki, M. Nomachi, M. Rozon, M.S. Atiya, N.V. Yershov, N. Muramatsu,
O.V. Mineev, P.C. Bergbusch, P.D. Meyers, P.S. Cooper, P. Kitching, P. Padley, P. Pile, R.C. Strand, R.Soluk,
R. McPherson, R. Poutissou, R. Tschirhart, S.H. Kettell, S.V. Petrenko, S. Adler, S. Chen, S. Daviel, S. Kabe,
S. Ng, S. Sugimoto, T.F. Kycia, T.K. Komatsubara, T. Fujiwara, T. Inagaki, T. Nakano, T. Nomura, T. Numao,
T. Sasaki, T. Sato, T. Sekiguchi, T. Shimoyama, T. Shinkawa, T. Tsunemi, T. Yoshioka, V.A. Kujala, V.A. Mukhin,
V.F. Obraztsov, V.V. Anisimovsky, V. Jain, W.C. Louis, W.Sands, Y. Kishi, Y. Kuno, Y. Tamagawa, Y. Yoshimura,

Yi Zhao, Yu.G. Kudenko, and Zhe Wang Budd: You're telling me she cut through nine-hundred fourty-nine

bodyguards before she got to O-Ren?

Bill: Nah, there weren’t really nine-hundred fourty-nine of them.
They just called themselves “The Crazy E949.”

Budd: How come?

Bill: I don’t know. I guess they thought it sounded cool.
Kill Bill: Vol 2; BNL version
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. “I seek not to know the answers,
M atte r'A ntl m atte r Asym m et ry but to understand the questions.

Caine (Kung Fu)

e SM predicts all observed C'P violation phenomena.

e Predicted SM C'P violation not sufficient to explain
matter-antimatter asymmetry of the Universe.

v WSEdy

-Dark Matter/En rgy

-iolation '

e Measurements of weak decays, such as KT — wTuvp,

may find disagreement of theory and experiment.
Benji Lewis BNL seminar 25 September 2008



K™ — wtvp Theory

e (Quarks decay to lighter quarks
via weak interaction.

_|_u > u 0 +u {? u -+
-
K : : . K — : d
®
w' - 7’ .
Ve Y%
B(Kt — nlety,) = 0.0482 B, (KT —xtup) <107°

e All flavor-changing decays also change electric charge.

i.e. No evidence of flavor-changing neutral currents.
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B(KT — n%Tv,) = 0.0482

u > u 0

K

_l_ _l_ — “It has long been an axiom of mine that
B — 7"' VV I heory the little things are infinitely the most important.

Sir Arthur Conan Doyle, (Sherlock Holmes)

Kt — ntuvp @ 2™_order " R "

e Highly Suppressed in SM s S

mt >> mc7 mu

if my ~ m., m,, = much, much lower BR.
e Theoretically Clean

e Branching ratio ~ 6% precision.
smaller with NNLO QCD calculation (Buras et al) u

e Strong interaction of

S — Kt — ntup
w* S~ is related by isospin by
KT — 7%Tv decay.
v, u
s
FCNC of KT — v in SM
B(KT — ntvw) o< |VEViql?
B(KT — ntvp) = (0.85 1+ 0.07) x 1019
v v
Benji Lewis BNL seminar 25 September 2008
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Benji Lewis

Finding a needle

Entering /K '

K" stopping (Delayed Coincidence)

Outgoing 7 track.

|

(not a chance!)

BNL seminar

Claude Monet

Wheatstacks (End of Summer).
1890. Oil on Canvas.

Art Institute of Chicago
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Possible Backgrounds from Decays

Background Branching Track | Extra | DC | Particle | Photons
Ratio Kin. | Energy D

Kt — putv 0.6344 X v

K+ — r+q® 0.2092 X v

Kt atatnr 0.05590 X v

K+ — w%*+y 0.0498 v v’

K+ — 7yt 0.0332 v v’

K+ — nta0q® 0.01757 X v

K+ — ptn 0.0062 v v

K+ — nta" 0.000275 v

K+ = m%+uy 0.000269 v v

Kt — arrtar~ | 0.000104 X v v

K T3 < 0.0001 v'©

K+ — etvvr <2 0.00006 v

Kt — sra—etr | 0.0000409 v

K+ = Ot 0.000024 v v'©

K+ — 7%%* v [ 0.000022 v v

Kt — ety 0.0000155 X v

K+ — etpny 0.0000152 v v

K+ — oo p* | 0.000014 v

KT — 7% 7%% | 0.0000076 X v?©

K+ — provi < 0.000006 v

K+ — 7%ty | < 0.000005 v v?

K+ — 7% %+ | < 0.0000035 X v v'

KT — ntamy 0.00000110 V2

KT — pTvptp~ | < 0.00000041 v v

K+ — etpptpu~ | 0.000000017 v v

K+ — etpete 0.000000025 v v

K+ — ptvete” | 0.000000071 v v

Benji Lewis

Background Branching | Track | Extra | DC Particle ID Photons
Ratio Kin. | Energy Track | Beam | Fid. | Beam
K*n— K% | 0.000028 v v
K — ntp~ v | 0.1350 v v
K} — m¥ev | 0.1940 v v
m-Beam - v v
K-DIF - v v’ v v’
KK-Beam - v v v v’
Kr-Beam - v v
Charged-track scatter in Target
K+ — putw 0.6344 v
K+ — gt+g0 0.2092 v v®
K+ — mta% | 0.000275 v v | V7
Charged-track scatter in Range Stack

K+ — v [0.6344 v v
K+ — atx® | 0.2092 v v 2
K+t — GT+"'D“ 0.000275 v v?

| s //NV
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K beam

e 65 x 102 @ 24 GeV /c Protons on production target
2 sec ‘spill’ every 5sec

3.5 x 106 K per spill

e Electrostatic Separators — K "ot oof 4:1
Not working 3:1

"C" target 12-4-02

"C" TARGET 8-17-01

RIPP BOWMAN PHOTO FILE NUMBER C-TAR07766-8-20-01
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Detecting the /< " beam
s (Cerenkov Detector

BVL e |

;Bym;e Identiicatiomownstream
HSSC i

Photon Veto
Endcap

_|_

s & #+’S.
Coll BW ”'1 wal

ofar Nl / 1shke |

BeO / Target

7N
¢ UPV £ﬁ Kﬁ Ch’pr%@m Siehe and decay-time.

° COUH@@E@@I{@% défector

! | L
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> I g I\er“bor of Pi—Cerenkov hits
£ > 1000 -
800 F K
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Number of K=Cerenkov hits
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Detecting the /< " beam

s Beam Wire Proportional Chambers

B ~ 1 a -
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Stac ——
rRssc— - No Parti

Endcap

chareec
O

beamppagkisles.

Photon Veto

]e;]):Beanl F( or T 7).

Collar

Beam Wire Proportional Detectors

Downstream view of BWPC1
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100 Downstream view of BWPC2
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Detecting the /< " beam

Barrel
Veto

BVL

Range -
RSSC

Endcap

Collar BW
K+Eaam
E!eO \\}Target

UPV
Drift Chamber

Actlve Degrader

Cu
disks

Scintillator
disks "

/

WLS fibers

Benji Lewis

Downstream
- Photon Veto

T

Collar

BNL seminar

Inactive Degrader
e Made of BeO.

e Slows down K s

Active Degrader

e Slows down K s
e Measures deposited energy.
e Poor x — y resolution.

e Not used to ID additional

beam time particles.

25 September 2008



dE

- Matching with Target region.
dX

- Good = — y resolution.

B4 Hodoscope

e T'wo orthogonal planes of “fingers”

e Particle Identification

| 4

25 September 2008
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Detecting the /< " beam
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Detecting the /< " beam

Barrel
Veto

BVL

Range - ~ Downstream Target
Stac / | ~ Photon Veto

RSSC

Endcap
BeO \ LTarget
” UPV 7 Collar

e ~ 500 scintillating fibers (0.5 mm-square)

- Good = — y resolution.

Collar
K+Eaam

- Poor z resolution.

Drift Chamber . K+ stops here (ideally!)
- ~ 10 — 60 MeV/ fiber
Target
. ——
b fql
K BRam s—— fﬁjétnps ‘ .
-Counter -Counter ¥~ ounter
scintillator  light guide
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Dela;yed Coincidence

L K+—>/,/, Y events ]
Z o Wait for X to decay (> 2 ns)
%m-‘_ ] Time difference between
- incoming X and outgoing 7"
E i
SSLR! | e Removes Beam Background
Decay-in-flight background
gy | 7 T-beam scatters
9_10 '10"""30"40" 9 60
Apporent K* decay time (ns)
— H+ :
b
I{Beam—-..______ff‘émps ‘ |
7
’ g
V-Counter
I-Counter -Counter
scintillator light guide
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Detecting the 7

Barrel
Veto
BVL _
Range - Downstream
Stac / Photon Veto
RSSC i = -

Endcap —— \

¢ UPV Collar
Drift Chamber

K'Beam : 2 g )
o 89'6 z‘{ \\;LITarg et
AD

Target

V counter

Target fibers

300

Counts/2ns

N
o
o

100

300

200

fibers | counter

100

0 100 200

Time (ns)

Benji Lewis
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25 September 2008



Barrel
Veto

BVL

Detecting the

Range s
Stac /
RSSC

Endcap

v

Endcap

Collar

Collar
K Bﬂa'“)_f Beor \\}Targeﬂ T

Drift Chamber

| e Drift Chamber

ra—Thlﬁg camber (UTC)

Collar

K+Eaam
i

& UPV

Benji Lewis

AD Drift

Cathode foils \

25um Upilex with

2000A Cu strips Anode preamp

\\\\\
N \

IR —~ ,- = /| Cathode strip
UONGE o § [INCEAE:/ Dreomp

Superlayer # 1 (192 Anodes)

Superlayer # 2 (384 Anodes)
Active length
508mm Superlayer # 3 (576 Anodes)

A\

Outer carbon fiber tube
diameter 862mm

BNL seminar 25 September 2008



Detecting

Barrel
Veto
BVL —
Range - Downstream
< / : Photon Veto
RSSC |

Endcap
Collar T

K+Eaam
BEO \¥Target
” UPV B4 Collar

Drift Chamber

UTC

e Detects charged tracks
o VerszU!re Thin Chamber

Low chance of 7 converting

Small energy loss in charged track

— 2z resolution

e Good x —y

the 7

20um W
anode wires

Cathode foil

strips 1004m

Al cathode
wires

009000000

Cathode foils \

25um Upilex with
2000A Cu strips

NN
NN

Bl Cathode strip
¢/ preamp

Outer carbon fiber tube Superlayer # 1 (192 Anodes)

diameter 862mm Superlayer # 2 (384 Anodes)

Active length
Superlayer # 3 (576 Anodes)

508mm

e Track matching between Target & Range Stack (next)

Benji Lewis

BNL seminar
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Detecting the 7

Barrel
Veto

BVL — g ]

Range - - Downstream
Stac / ~ Photon Veto
RSSC— - - f

Endcap
COIIar_?PW — \ i
K Beam»l—} y /.: & ’
& UPV BeO /84 \\;ITarget -
Veto Chamber | RSSC
Range Stack  Target
ir (0.635 cm)
Fion
rack
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P,

' BVL
Barrel
Veto

Drift
Chamber
Range Stack

+ + + 5
ID 77 — pty, — e ey,

Sample pulse height

Every 2 ns for 2 us

TDC’s for 10 us

7t ot

E,=41MeV, R, ~1mm, *

7. = 20.0 ns

E. <53 MeV, 7,

Benji Lewis

= 2.2 us
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Detecting the ’s

Barrel 3

Veto 1? 50 cm
BVL : :

Range - ~ Downstream

Stac ‘/’ ~ Photon Veto

RSSC | :

Endcap 1 \T | ] LA ..m. |',| i ’
COLQ.E(.’?W \ T L I T A gL i
K+Baam I B . — ! BVL
/ /p/ mﬁrge‘ Barrel

}25

Benji Lewis

“Lions v's, and Ligers v's, and Bears v's! Oh, my!”
Peoerothy Benji

e 949 is one BIG Photon detector!

BNL seminar 25 September 2008

22



Detecting the ’s

Barrel
Veto

BVL : :
Range - ~ Downstream
o }/’ : ' ~ Photon Veto
RSSC | = : 5

Endcap = I \

BW \ 1 i .
Beézﬁ/:MTarget T i-

Barrel Drift
Veto Chamber

Range Stack  Target

e Barrel Veto (BV)
Pb-scintillator
14.3 rad. lengths

Collar

AD Drift Chamber

T Sad

e BV-Liner (BVL)
L MRS S

Pt o » -
O e v Newer BV layer
'.. ._!.'l e ° oA |

Larger solid angle
2.3 rad. lengths

;A" ".t",t'..i!é '3
3""‘%"“ Q“ &'a &

&8 'ﬁ’%‘ﬂ«:f:?: ¥
- -‘-| "" . * 1
e .d"ﬁ:' 0 S e Range Stack

by ' [A]
¥ X ~

it e

0.8 rad. lengths

e Target
0.2 rad. lengths

~ 6 rad. lengths in +z2
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+ Ciﬁtéfliﬁm!' 1\\_ .f Ir
K'Beam o/ : Be/ép/lm'rargm

S

cintillat

Detecting the ’s

Barrel
Veto
BVL : :
Range - ~ Downstream
Stac ‘/’ ~ Photon Veto
RSSC | : 5

Endcap - ;H““x&x

& UPV B4 Collar

AD Drift Chamber

Cu
isks Reflector

d Islﬁﬁff_ PMT

PMT

/ 00 25 26

WLS fibers

Benji Lewis

BNL seminar

End Caps (EC)
CslI crystals
13.5 rad. lengths

Collars
9 rad. lengths

Active Degrader (AD)

Detects upstream traveling ~'s

~ 6 rad. lengths

Downstream Photon Veto

~ 7 rad. lengths

Detects downstream traveling ~'s

25 September 2008
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Beam Detectors

run 48206 event 29700 itg

ptot 191.304 MeV/c rtot 24.0275 cm  etot 88,2141 MeV  110,424° trs 43,1476

150

100 -

mﬂ

13

-109

B

=

-150

run 48206 event 29700 itg O
ptot 191.304 MeV/c rtot 24.0275 cm etot 88.2141 MeV  110.424° trs 43.1476

\ \
-200 -150 -100

10~

-10 -

Benji Lewis

-50 Q
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10

-5

run 48208, event 29700 itg O

50

100
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run 48206 event 29700 itg O
ptot 191.304 Me\//c rtot 24.0275 cm etot 88.2141 MeV  110.424° trs 43.1476

2 0 2 4 6 8§ 10

TG Double Hit Kaon — r23c11 t=zz e=zz

ptot 191.304 MeV/c rtot 24.0275 cm etot 88.2141 MeV 110.424° trs 43.1476 b 48206 event 29700 itg 0
[ 15 ptot™91,304 MeV/c rtot 24,0275 cm etot 88.2141 MeV  110,424° trs 43.1476
i Y (!
L \ 100
L 5t
j o /
L : gr bm
r F 1 \
L 0
S R 66/0 o 2

L L & 29 R
F L F S "%
L 8~

L &g
L s g
B -10 -

I T [ [ P L -15 L . PR [ PR PR PR .

15 -10 -5 0 10 15 -15 -10 -5 0 5 10 15

BNL seminar

25 September 2008 25



run 48206 event 29700 itg O

ptot 191.304 MeV/c rtot 24.0275 cm etot 88.2141 MeV  110.424° trs 43.1476 Run 48206 Event 29700 ek 30.205 tk —0.449 tpi 42.58
350 [t b Single Lo Kaop-| R — Pionj

6 - 300 |t Leer 00
| - -1.31
| 250 1 | 3001900
r 200 | T 2699.76
4 - 150 | F’ossed
- wo ok
| 50
2 [ 05 ‘ ‘ | e
oF :
= 5E \ \ | |
B 0 20 40 60 80

Decay Vertex 288 Raw High
o PrOb 0,89
~Time i =1.788 o
. Energy .30.19 .
__Ampl  701.428 .
_Cut _Passed . R
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=]

N
S <o
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|_| : : : :

]
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Tracking

run 48206 event 29700 itg O
ptot 191.304 MeV/c rtot 24.02756 cm etot 88.2141 MeV  110.424° trs 43.1476

run 48206 event 29700 itg O
ptot 191.304 MeV/c rtot 24.0275 cm  etot 88.2141 MeV  110.424° trs 43.1476
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run 48206 event 29700 itg O

ptot 191,304 MeV/c rtot 24.0275 cm  etot 88.2141 MeV  110.424° trs 43,1476

Tracking

Benji Lewis

Residual

BNL seminar
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Analysis Strategy

A priori background identification.

“Blind Analysis” never inspect signal
region until backgrounds are proven.

Avoid bias by optimizing cuts on 1/3 sample
and measuring backgrounds with 2/3 sample.

Suppress each background with (at least)
2 independent cuts.

Use data whenever possible.

Loosen and tighten cut to compare to predicted rates.

Benji Lewis BNL seminar 25 September 2008 29



Possible PNN1| Backgrounds from Decays

Background Branching | Track = Extra | DC | Particle = Photons
Ratio | Kin. | Energy | D

KT — u'w

KT —a'rw

]

| 0.000028

: Kn— K'p
K} =1 p

Table 3.1: Background processes with their Branching Ratios 5], « denotes a
quality which distinguishes the process from the signal. X (X") identifies the process
as kinematically forbidden in PNN2 signal region (, but verv close). The reported
branching ratio of K n — K'p is the K; production rate as found in [37]. Kin.
= Kinematics, DO = Delaved Coincidence, 1) = ldentification, v = n photons in
product.

Benji Lewis

Arbitrary units

BNL seminar
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Arbitrary units

Possible PNN| Backgrounds

Particle ID

Background | Branching | Track = Extra | Do
| Ratio | Kin. | Energy |

m-Beam

- K-DIF

 KK-Beam

Km-Beam

K

_ Track _ Beam _ Fid. . Beam

Charged-track scatter in Target

Charged-track scatter in Range Stack

Table 3.2: Background processes with their Branching Ratios (5],

v denotes a

quality which distinguishes the process from the signal. X identifies the process
as kinematically forbidden in PNN2 signal region. DIF = Delay in Flight, Kin.
= Kinematics, DC = Delayed Coincidence, [D = Ildentification, Fid. = Fiducial
region photon detection, v~ = depends on which K= decay, v'* = distinguished by

momentum

AR\ ST

) 0.21 0.63
't (0.056) ( )

/ety (AX107°

uv (0.032)

)
n’efv (0.048
\ |

‘ ‘
25 50 75 100 125 150 175
Momentum (MeV/c)

Benji Lewis

Timing
PID

Kinematics

Upstream
Photon T
Photons Veto
1 |BwWPCH1 BWPC2 / | Counter
k| DU H
] H Decay in flight
Cerenkov BeO Active B4 Target
Counter Degrader Degrader Counter /
n H

H Scattering
TT
il T~
L Scattering
-
K ] | Stop
o 0
—
K — Decay in flight
_ |
K || Stop
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Possible PNN2 Backgrounds from Decays

Background Branching | Track = Extra | DC | Particle = Photons

Ratio | Kin. Energ}-'| D

KT = ey - 0.0062

| K7 — a7 m e | 0.0000409 _

KT —a"m puw

KT — pTrep <2 0.000006

K n— K'p 0000028 | R v

Table 3.1: Background processes with their Branching Ratios 5], « denotes a
quality which distinguishes the process from the signal. X (X") identifies the process
as kinematically forbidden in PNN2 signal region (, but verv close). The reported
branching ratio of K n — K" is the K; production rate as found in [37]. Kin.
= Kinematics, DO = Delaved Coincidence, 1) = ldentification, v = n photons in
product.

=
=

Range (cm)
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Arbitrary units

o uty

(0.21) (0.3

25 50 75 100 125 150 175 200 225

Momentum (MeV/

25 September 2008

)

32



Arbitrary units

Possible PNN2 Backgrounds

Background | Branching | Track = Extra | DC | Particle ID Photons
| Ratio | Kin. | Energy | | Track | Beam | Fid. | Beam
m-Beam
K-DIF
 KK-Beam
Km-Beam

['Jh;arged--trat:k scatter in Target

(0.2092

K+ — ol

Charged-track scatter in Range Stack

Table 3.2: Background processes with their Branching Ratios 5], " denotes a
quality which distinguishes the process from the signal. X identifies the process
as kinematically forbidden in PNN2 signal region. DIF = Delay in Flight, Kin.
= Kinematics, DC = Delayed Coincidence, [D = Ildentification, Fid. = Fiducial
region photon detection, v~ = depends on which K= decay, v'* = distinguished by
momentum

AR\ ST

Timing
PID

) 0.21 0.63
't (0.056) ( )

/ety (AX107°

uv (0.032)

)
n’efv (0.048

(
A
' =
Y
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TR AN

Kinematics

L i
25 50 75 100 125 150 175

Momentum
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Upstream
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k| |- H
] H Decay in flight
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n H

H Scattering
TT
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L Scattering
-
K ] | Stop
o 0
—
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Bifurcation Method

3
B D
signal region —A C
cut2
B D B D
A C A C
invert cut’ apply cut2
B+D events B events
B D B D
A C A C
invert cut2 apply cut1
C+D events R=(C+D)/C

Benji Lewis

if cutl,cut2
uncorrelated,
A/B=C/D
A= BC/D
e Signal Region (A) always blinded.
until the end.
e (Cuts must be uncorrelated.
such as PID & Kinematics
bg = B/(R-1)
= BC/D
BNL seminar 25 September 2008
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Biturcation Method

Mol o | s Kt — 7t7" Background
A/B =C/D
el € ASEER o Left: Select events by kinematics (C+D).
1. 1 - Apply Photon Veto (C).
T S B - Measure Rejection = CJFTD.
I;nvgrt cutt1 chpIy CL)I(tZ
e Right: Select events by photon cuts (B+4D).
B D B D bg = B/(R-1) . .
- - = BC/D - Apply Kinematics (B).
Oeens  RTRDe - Background = 2.
El | [ | L | L | | Tl | L [ | IE
- . E — L L L L L L L I |
- Rej = (C+D)/:3H}’LDUL|7 ] E 44 - ]
i) 1 S ot B+D events E
107 Hﬁ - |
- | Photon Veto Cuts 40 - B events B
5 +D event 38 -
10 7= J\Pljo e—e S E N N
- | S ] 36 _
: _ : 34 s
10 = | E ]
a ¥ ] 32 -
- e G events ]
B b 30 :
1 :
AN NP TN BN BRSNS AT 28 Cosmenie L]
190 195 200 205 210 215 220 95 100 105 110 115 120 125 130 135 140
P (MeV/c) E (MeV)
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Ko TG-Scatter oo "

James A. Lovell

o correlated to 7 before scatter

Not so after scatter.
o from 7 directed toward weak photon coverage
e TG has no z resolution, so UTC/TG tracking matching not helpful.

o 71 from Ko @ 205 MeV/c may now be in PNN2 signal region.

e No longer able to ‘tag’ with kinematics to measure photon-veto rejection.

+ < 30
A éf i The total radation length with the BVL
o= 25 —
ISE;;'lttEF | I o~
| P S -  Withou theBVL ................. -
K Beam y S S Wy
15 = :
v . - i Barrel Veto
4 ' | 0 -

V-Counter ;
|—E13LJI’11E}F |—EEILJI"HEF 5 L End Cap
scintillator light guide framge et

0 \ \ \ \ [

| | | I | | | | | | | | | L 1A 1 (R [ ‘ | |
0 01 02 03 04 05 06 07 08 09 )i
cos 0
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Mastering the K ,s-scatter Background

e Identify ‘Kink’ sample, XY (Z) scatters,
by observing pattern in 7 fibers.

e Use this sample for understanding rejection
of photons along beam direction (z-axis).

. Kaon
6 H 'S | pion
- [MeV] other

XY(Z) Scatter

K Beam _ 2|

" — 0r
V-Counter |
I-Counter I-Counter 5 [
scintillator light guide :
4
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Mastering the K ,s-scatter Background

o Identify excess 2™¢ pulse energy in K ’ fibers,

|~

Benji Lewis

BNL seminar

‘ Scatter
¢« 99 ' -
CCDPUL” (> 1.25MeV). K Beam —ﬁ)
= ——
. . V-Counter
e Identify events where the total A energy in TG ~Counter  I-Counter
. « 99 scintillator light guide
does not match the expected range in TG “B4EKZ”.

run 48133 event 1001 itg 0 Run 48133 Event 1001 ¢k 26.783 tk 0.234 {pi 3.924
6 ptat 185,309 Mev e ot 2037537 cm etot 83,3449 Mey  846,3588° s B.739 25{. — S'II'IQIE: Kaon o

. T Prob O 0.98 0.98

- ns 200 iy Tme  —0.218 —0.655 7.741

- i Enerqy 2B.812 22,895 4118
[ MeV 150 Ampl  1825.45 158474  287.445

; 100 [ Cut Failed | Passed Passed
b . K pulse fit

I SO (K+m) pulse fit
3_— _§ e __I___. e

i 0 20 40 60 80 100 120

- Decay Vertex 420 Raw High
2 _ Single Kaon Fion

i Prob O 0.856 0.856

Time  0.186 —0.311 8.971

JL 1?;3 6.1 Emerqgy 25.812 22,581 423

(=l 1.4 Ampl  1001.81 878,315 164,552

i Cut Failed Fassed Fassed
of
_1_ | | Ll | | | —
-1 0 1 2 3 4 3 60 80 100 120

Decay Vertex 420 Raw Low
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Events/(5MeV/c)

Measuring Ko TG-Scatter Background

105 % 5 s
E1l2l =
L) g
4 B il
1071 n-scatter tagged E"ﬂ Photon-tagged I T
> kol
C+D = :
10° e TG cuts i
Photon i
102 Cuts 0?2 CCDPUL
10 10 =
B L 3
L]
1 el 7 Ll
[ | E ]
140 160 180 200 220 240 140 160 180 200 220 240
Momentum (MeV/c) Momentum (MeV/c)

Obtain # of events
remaining with Photon-
tagged sample

| c | (normalization).

TG-scat Cuts

Measure Rejection
of Photon Cuts

Photon Cuts

Benji Lewis BNL seminar 25 September 2008
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Measuring Ko TG-Scatter Background

e Obtain multiple T'G-scatter samples

using combinations of:

- CCDPUL: excess 2" pulse energy
- B4EKZ: KT energy/range matching

- CHI567: TG 7™ track observed/expected

e Photon-tagged sample (“Normalization”) contaminated w/

- K9 scatters in Range Stack

- KT —>7T+7TO’)/

Events/(5MeV/c)
] s 3

'l n-scatter tagged
C+D
Photon

10? Cuts
10
L tnwel
I [
140 160 180

Events/(5MeV/c)
s > 5

200 220 240
Momentum (MeV/c)

Photon Cuts

TG-scat Cuts

“The enemy of my enemy s my enemy.
Dick Tracy (Dick Tracy -1990)

After disentangling the processes:

Benji Lewis

Process

Background events

K._o TG-scatter 0.619+0.150"

Ko RS-scatter 0.030 £ 0.005 -
0.076 £ 0.007 -

K7T2’7

0.067
0.100

- 0.004

- 0.006

BNL seminar
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K™ — ntr~etv (K.4) Background

o K™ — mTn eTv can be a background if
the 7~ and e™ go undetected.

- i.e. have very little kinetic energy.

Simulated Ke4 decay

E - " ENTRIES 6595
S 240 |
= -
= 220 |
E 200 |
C » u
£ 180 | Tightened
g : Kinematics
E 160 |
s -
e Signal
ol 3 Kinematics
700 o Lo 1wy 1y ba
0 20 40 60 80 100

n- + e+ Kin. energy (MeV)
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KT — ntn~etv (K.4) Background

e Estimate rejection power of
target-pattern recognition with
simulated data supplemented by
measured 7~ energy deposition
spectrum.

e Obtain Ke4 sample by target-
pattern recognition.

Vg
rto 7236 cm etot 80.9872 MeV  74.8706° trs 13.0401

0.18

0.16

0.14

0.12
0.1

0.08 ul

0.06 n

0.04 ]

0.02 - :

I_I
0 IdIIIIIIIIIILIIIIII

S | L N -50 0 50 100 150
6 4 2 0 2 4 6 Energy of stopped nt- (MeV)

Probability/5 MeV

Benji Lewis BNL seminar 25 September 2008



Benji Lewis

Beam Background

Upstream
Photon "

Veto
D D BWPCH1 BWPC2 / | Counter

] H Decay in flight

Cerenkov BeO Active B4 Target
Counter Degrader Degrader Counter

- /ﬂ:

7

H Scattering

T
/

Scattering

-

Stop

T

/

Decay in flight

\

Stop
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Muon Background

e pnn2 analyses showed that muon background due to:

KT — uty, Kt — pTvy and KT — ptnlv

e The criteria on identification
of 7 — ut — e decay chain
was loosened for a 10% gain

Arbitrary units

was small (< 0.01 events).

In acceptance.
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Total Background and Sensitivity

Bkgd Bkgd Events
Process 949 E787
K ro-scatter 0.649 + 0.1507 70" 1.030 & 0.230
Koy 0.076 £ 0.007 & 0.006 | 0.033 % 0.004
Ko 0.176 & 0.072 {55 | 0.052 & 0.041
CEX 0.013 £ 0.013% 553 | 0.024 £0.017
Muon 0.011 =0.011 0.016 = 0.011
Beam 0.001 + 0.001 0.066 + 0.045
Total bkgd 0.93 £0.17757 1.22 4+ 0.24
949 pnn2 E787 pnn2
Total Kaons 1.70 x 10+° 1.73 x 10'°
Total Acceptance | 1.37 x 103 0.84 x 1073
SES 4.3 x 10710 6.9 x 10~V

e The branching ratio that corresponds to one event in the absence of

background is the Single-Event Sensitivity (SES).

- For the E787+E949 pnnl analysis, SES = 0.63 x 10~1°.

Benji Lewis

BNL seminar
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L oosen Photon Cuts —»

Verify Backgrounds

e Keep signal region blind.
e Loosen Photon cuts & CCDPUL.

e Compare expected events (N¢yp) to observed events (Ngps).

e If cuts are uncorrelated, then (expected/observed) should agree.

Region Nexp Nobs

CCDy | 0.79 5/ | O
PV, [9.09713 | 3

Pviaoser 324___é213 34

Loosen CCDPUL—»

e The probability to observe < 3 events when 9.097153 are expected is 2%.

e The probability of the observation in regions CC'Dy and PV} given the
expectation is 5%; the expectation is [2%,14%]| when the uncertainty in
Nexp 1s taken into account.

Benji Lewis BNL seminar 25 September 2008
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Tightened Regions

Backgrounds not uniformly distributed.

Four cuts were tightened to further divide signal regions.

- Delayed Conincidence.
- T — 4 — € cuts.
- Kinematic box.

- Photon cuts.

9 cells chosen

- differing levels of signal acceptance (S;) and background (B;).

Calculate B(K* — wTvp) using S;/B; of any cells containing events using

the likelihood ratio method.

Benji Lewis

BNL seminar
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Signal Region

The nine cells

Bkgd Events S/B
0.152 0.84
0.038 0.78
0.019 0.66
0.005 0.97
0.243 0.47
0.059 0.45
0.027 0.42
0.007 0.35
0.379 0.20
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Signal Region

The nine cells

545 : "E949-PNN2 o Bkgd Events S/B

S w0 | . : 0152 0  0.84

"s':u Momentum cut :' : 0.038 0 0.78
35 . —

© ot applied ; ; 0.019 0  0.66

30 | ' 0.005 0 0.57

25 | 0.243 1 0.47

20 E T'ightened 0059 O 045

; . Kinomatics 0.027 1 0.42

15 - «<— Signal region 0.007 0 0.35

1055 60" 70 8090 100 110 120 130 140 150 0.3r9 1 0.20
Energy (MeV)
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Range (cm)
& S o

Cd
o

Mo
o

20

15

10

Signal Region

E949-PNN2 :

All cuts
applied

IIIIIIII.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIJ I.II-

a0

Benji Lewis

60 70 80 90 100 110 120 130 140 150

Energy (MeV)

e B(KT — wtvi)=
(7.897270) x 10710

e The probability of all 3 events
to be due to background only

1s 0.037.

e SM expectation:

B =

BNL seminar

(0.85 -

- 0.07) x 1010
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All Sighal Regions

— S RARRE LR RRRRE RARAE SARAE RRRRA REASN RERS T o B +1,57) —
g 45 E787/E949 - ( +1. 157T )—10
- I | 1 (L.73775:) x 10
Q _ [l This analysis
D 40 [ /A E949-PNNI | - .
& [ VE787-PNN2 | A 1 e The probability of all 7
o [ @ E787-PNNI | i
35 [ C 1 events to be due to
: A ° i background only is 0.001.
30 [ 2 = .
- 1 o SM expectation:
25 [ - 1 B=1(0.85+0.07) x 1071°
20 | | o Despite the size of the
E . daghed = E787 boxes in energy wvs. range,
19 |2 Sgill g o= B B the pnnl analyses are 4.2
10 e L TR R L A TR T R times more sensitive than

50 60 70 80 90 100 110 120 130 140 150 the pnn?2 analyses
Energy (MeV)
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Conclusions

E7874+ 1949

e 20 yea

rs (on Oct 17t7)

e 3(7) upgrades.

o 5 < 1.

4% 1077 —

B =(1.73%132) x 10719

Range (cm)

N
18]

N
o

35

30

25

20

15

10

[ [l This analysis
- A E949-PNNI1
V E787-PNN2
@ E787-PNNI

»

dashed = E787
solid =E949 -

50 60 70 80 90

e Standard Model is still the standard.

- twice as large, but consistent with,

the Standard Model expectation of

(0.85 -

Benji Lewis

— 0.07) x 10719,
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